Repetitive DNA is a significant component of eukaryotic genomes. We have developed a strategy to efficiently and accurately sequence repetitive DNA in the nematode Caenorhabditis elegans using integrated artificial transposons and automated fluorescent sequencing. Mapping and assembly tools represent important components of this strategy and facilitate sequence assembly in complex regions. We have applied the strategy to several cosmid assembly gaps resulting from repetitive DNA and have accurately recovered the sequences of these regions. Analysis of these regions revealed six novel transposon-like repetitive elements,
Repetitive DNA is a significant component of eukaryotic genomes. We have developed a strategy to efficiently and accurately sequence repetitive DNA in the nematode Caenorhabditis elegans using integrated artificial transposons and automated fluorescent sequencing. Mapping and assembly tools represent important components of this strategy and facilitate sequence assembly in complex regions. We have applied the strategy to several cosmid assembly gaps resulting from repetitive DNA and have accurately recovered the sequences of these regions. Analysis of these regions revealed six novel transposon-like repetitive elements, IR-1, IR-2, IR-3, IR-4, IR-5, and TR-1. Each of these elements represents a middle-repetitive DNA family in C. elegans containing at least 3-140 copies per genome. Copies of IR-1, IR-2, IR-4, and IR-5 are located on all (or most) of the six nematode chromosomes, whereas IR-3 is predominantly located on chromosome X. These elements are almost exclusively interspersed between predicted genes or within the predicted introns of these genes, with the exception of a single IR-5 element, which is located within a predicted exon. IR-1, IR-2, and IR-3 are flanked by short sequence duplications resembling the target site duplications of transposons. We have established a website database (http://www.welch.jhu.edu/∼devine/RepDNAdb.html) to track and cross-reference these transposon-like repetitive elements that contains detailed information on individual element copies and provides links to appropriate GenBank records. This set of tools may be used to sequence, track, and study repetitive DNA in model organisms and humans.
[The sequences reported in this paper have been deposited in GenBank under accession nos. U53139 and U86946-U86951.]
Repetitive DNA families have long been known to occupy the genomes of higher eukaryotes, but most of these families have remained uncharacterized in the years preceding genome sequencing projects (Britten and Kohn 1968) . The Caenorhabditis elegans genome is estimated to harbor several hundred to several thousand repetitive DNA families, occupying ∼12%-17% of the worm genome (Sulston and Brenner 1974; Emmons et al. 1980 ). Both Cot hybridization and computer studies indicate that repetitive DNA is even more abundant in the genomes of flies, mice, and humans (Britten and Kohn 1968; Smit 1996) . Transposable genetic elements comprise a significant fraction of this repetitive DNA, and represent a ubiquitous class of middle-repetitive DNA in these organisms. Such elements include the Ty elements in yeast (Boeke and Sandmeyer 1991) , the Tc elements in the worm (Emmons et al. 1983; Collins et al. 1989; Leavitt and Emmons 1989; Dreyfus and Emmons 1991; Yuan et al. 1991; Collins and Anderson 1994) , >20 transposons in the fly (Bingham and Zachur 1989; Blackman and Gelbart 1989; Engels 1989; Finnegan 1989a,b; Hartl 1989) , and a variety of transposon-like repetitive elements in humans, including medium reiteration frequency sequences (MERs), short interspersed nuclear elements (SINEs), and long interspersed nuclear elements (LINEs) (Moran et al. 1996; Smit 1996; Smit and Riggs 1996) . Other classes of repetitive DNA shared by many of these organisms include (1) multigene families encoding ribosomal and transfer RNAs, (2) multigene families encoding proteins such as histones, (3) satellite DNA, and (4) telomeric and subtelomeric repeats.
Inverted repeats are fairly abundant in C. elegans and are estimated to occupy ∼3-6 Mb of the ∼100-Mb genome (Sulston and Brenner 1974) . Hy-bridization studies in C. elegans using the foldback fraction of Cot-purified genomic DNA previously have led to estimates of ∼2400 inverted repeats per haploid genome (Emmons et al. 1980) . These inverted repeats had stems (repeat units) ranging from 50 to 9000 bp in length (with an average length of 670 bp) and intervening loops ranging from 230 to 9260 bp in length (with an average length of 1340) as judged by electron microscopy.
Repetitive DNA can be technically challenging to sequence. Therefore, some types of repetitive DNA, such as large segments of satellite DNA, might be best studied with a combination of mapping and limited sequence analysis. This approach was taken with the 1-Mb rDNA region of yeast chromosome XII, which consists solely of 100-200 tandemly repeated copies of the 9-kb rDNA unit. The terminal rDNA units were sequenced for the Saccharomyces cerevisiae genome project, but the intervening ∼1 Mb of DNA was characterized by mapping only (Link and Olson 1991) . Other types of repetitive DNA may be too dispersed or too heterogeneous to analyze in this manner. Such sequences include inverted and tandem repeats located throughout the nematode genome and a variety of localized or dispersed repetitive sequences in the human genome.
We have developed a transposon-based strategy to sequence repetitive DNA efficiently using artificial transposons and automated fluorescent sequencing that, in principle, may be applied to any type of repetitive or otherwise challenging DNA. Using this strategy, we have accurately recovered the sequences of both inverted and tandemly arranged repetitive DNA. In the process, we have identified six novel middle-repetitive DNA families in C. elegans, including five inverted repeat families and a single tandem repeat family. We have established a website database (http://www.welch.jhu.edu/ ∼devine/RepDNAdb.html) to track and crossreference these transposon-like repetitive elements that contains detailed information on individual element copies and provides links to appropriate GenBank records. This set of tools may be used to sequence, track, and study repetitive DNA in model organisms and humans.
RESULTS

Artificial Transposons for Mapping and Automated Sequencing
We have described previously methods to generate artificial transposons and to integrate them into plasmid targets in vitro using Ty1 integrase (Devine and Boeke 1994) . We have now adapted this system for high throughput mapping and automated sequencing and have developed a number of new transposons, primers, and mapping tools for this purpose. New artificial transposons such as AT-3 and AT-4 that carry the neo gene were developed for use with kanamycin selection, and new transposons carrying subterminal T3, T7, SP6, M13-20, and R primer sites were developed for use with either dye primer or dye terminator fluorescent sequencing (Fig. 1) . The dye primer-versions of these primers (including ET primers) are available from commercial sources along with their associated mobility files, making them attractive for large-scale sequenc- Figure 1 Artificial transposons for automated sequencing. (A) The artificial transposon AT-2 and several AT-2 derivatives are shown. The new priming sites are indicated near the termini as small boxes with arrows facing outward. AT-2 has sites for the 118 and 119 primers; AT-2/T has sites for the T3 and T7 primers; AT-2/ST has sites for the SP6 and T7 primers; AT-2/M has sites for the M13 -20 and R primers. AT-3 and AT-4, which carry the neo gene for use with kanamycin selection, are also shown. (B) An expanded view of the transposon termini. The dhfr gene that is used as the selectable marker and separates the two termini is indicated. The black box indicates the 4-bp U3 terminal Ty1 sequence; the white boxes indicate the regions carrying multiple restriction sites for mapping; and the shaded boxes labeled 1 and 2 indicate the locations of the inserted primer sites. Integration reactions with AT-2, AT-2/T, AT-2/M, and AT-2/ST generated ∼1 ‫ן‬ 10 3 to 1 ‫ן‬ 10 4 recombinants per reaction, whereas AT-3 and AT-4 generated 1 ‫ן‬ 10 2 to 1 ‫ן‬ 10 3 recombinants per reaction. ing applications. Fluorescent dye primers for the SD118 and SD119 priming sites located near the termini of the artificial transposon AT-2 were also synthesized and developed for sequencing (Fig. 1) . Finally, several transposon mapping tools were developed and adapted to a 96-well format (see Methods).
A Strategy for Sequencing Repetitive DNA Although cosmids, BACs, and P1 clones may be sequenced efficiently using M13 libraries and random shotgun sequencing strategies (Wilson and Mardis 1997) , assembly gaps are often present after the initial rounds of sequencing that must be closed with directed efforts. Such gaps are caused by a variety of factors including repetitive DNA, and are caused frequently by inverted repeats in C. elegans (Wilson et al. 1994; Chissoe et al. 1997) . Many gaps can be closed with relatively simple efforts such as extending reads into the gap region; however, a number of gaps are refractory to such approaches (particularly those containing repetitive sequences). To tackle these regions systematically, we developed a transposon-based sequencing strategy to close gaps that could be applied to any type of repetitive or troublesome DNA without prior knowledge of the sequence structure (Fig. 2) . The process consists of the following steps: (1) identifying a plasmid clone carrying an insert that spans the gap, (2) integrating artificial transposons into the target clone in vitro, (3) recovering raw sequencing data using the integrated transposons, (4) building minicontigs from the two sequences initiated from each transposon, and (5) mapping the order of the transposon insertions when necessary to ensure accurate sequence assembly.
A Sequence Assembly Gap Caused by a 379-bp Inverted Repeat
To test our strategy, we initially focused on a sequence assembly gap that was present in the C. elegans cosmid F18E3 following M13 production sequencing. A pUC18 clone was identified that carried a 2.6-kb insert spanning the gap, and the insert was sequenced using integrated transposons and transposon-specific dye primers as outlined below (Fig.  3) . We first mapped a collection of 96 independent transposon recombinants using the restriction enzyme PvuII (see Methods) to search for transposons within the plasmid insert (data not shown). Thirtynine transposons mapping to this region were selected to recover the complete insert sequence on both DNA strands (Fig. 3A) . Minicontigs were then assembled from the sequences initiated from each transposon using the flanking 5-bp target site duplications, and these contigs were assembled to derive a final consensus sequence. To independently test whether the final assembly was correct, all 39 transposon insertions were then positionally mapped by restriction mapping, and the order of the transposons was found to be fully consistent with that predicted by the sequence assembly (Fig. 3B) . The 2.6-kb consensus sequence successfully closed the gap present in the F18E3 cosmid (GenBank accession no. U53139).
Figure 2
Strategy for sequencing repetitive DNA. A plasmid is identified with an insert spanning the cosmid gap, a transposon library is generated, and the insert is sequenced using the transposons. T1-T4 represent transposon insertions. The two sequencing reactions initiated from individual transposon insertions are shown as back-to-back arrows, which can be assembled using the 5-bp target site duplications. The transposon order can be determined by mapping to ensure accurate sequence assembly.
Further analysis of the 2.6-kb insert showed that it contained two families of repetitive DNA involved in a complex inverted repeat structure (Fig. 4) . Because palindromic sequences are not propagated well in M13, the complex inverted repeat is likely to have caused the sequence assembly gap. The 379-bp repeat consists of two 143-bp inverted B modules separated by a 94-bp unique spacer. Each B module itself contains a central region of two inverted 15-bp A modules separated by 48 bp (Fig. 4) . Interestingly, the entire 379-bp element was flanked by a 2-bp direct repeat of the sequence TA. 
IR-1, a Family of Middle-Repetitive DNA in C. elegans
At least 16 copies of this 379-bp inverted repeat-1 (IR-1) element or closely related sequences were identified in GenBank using the BLAST algorithm, indicating that it comprises a family of middlerepetitive DNA in C. elegans ( Fig. 4 ; Table 1 ). The fact that additional copies were present in the database indicates that the inverted repeat structure could be sequenced with other methods. However, these methods were not systematic and were more labor-intensive than the current strategy.
Three classes of IR-1 elements were identified using the F18E3 query sequence, namely, (1) fulllength elements 379 bp in length retaining the same structure as the original F18E3 copy, (2) truncated elements that lacked sequences at one end or the other, and (3) unique elements resembling the parent F18E3 but having altered structures possibly caused by rearrangements ( Fig. 4 ; Table 1 ). Five fulllength (379-bp) elements, retaining 94.5% to 99.5% sequence identity with F18E3, were identified. Remarkably, like the original F18E3 copy, each of these elements was flanked by a 2-bp sequence duplication. These 2-bp direct repeats are similar to the TA target site duplications created by the C. elegans transposons Tc1 and Tc3 (and mariner family elements found in host species ranging from fungi to insects to mammals) upon integration into new locations (van Luenen and Plasterk 1994). However, unlike these elements, the IR-1 element is not strictly limited to TA dinucleotides; some copies were flanked by AA, AT, AC, CA, or TG duplications (Table 1) . IR-1 elements were found on all six of the C. elegans chromosomes, and were found exclusively within predicted introns or intergenic regions. For example, IR-1 element R07D5, which is located on chromosome X, is found within the intergenic region between the unc-7 gene and a second predicted gene, R07D5.2. Like the original F18E3 copy, this element is 379 bp in length, is flanked by a 2-bp direct repeat, and differs by only two nucleotides from the sequence of F18E3. For additional data on the IR-1 repetitive family (and the other families below), see our Repetitive DNA database (RepDNAdb) website (http://www.welch. jhu.edu/∼devine/RepDNAdb.html) under ''Caenorhabditis elegans.''
IR-2, a Palindromic Repetitive Element Flanked by a 4-to 9-bp Sequence Duplication
A second unrelated inverted repeat, IR-2, was identified in cosmid C35B1 by sequencing a 3.5-kb pUC18 insert spanning an assembly gap with the same strategy as that outlined for F18E3. In this case, transposon mapping was not used to confirm the finished sequence assembly. IR-2 is 781 bp in length and is a palindrome consisting of two inverted 378-bp modules separated by a 7-bp unique spacer ( Fig. 5 ; Table 2 ). The C35B1 copy of IR-2 is flanked by a 4-bp duplication of the sequence 5Ј-TTGG-3Ј. Interestingly, the extreme termini of the IR-2 element closely resemble those of the Maize En/Spm transposon, with 7/8 bp identity (Federoff 1989; Fig. 5) .
At least 12 copies of IR-2 or closely related sequences were identified in GenBank using the BLAST algorithm, indicating that it comprises a family of middle-repetitive DNA in C. elegans. More than 47 highly significant matches (with P < 10 ‫52מ‬ )
Figure 4
The IR-1 repetitive family. The F18E3 insert structure is depicted. Note that the IR-1 element is located adjacent to a potential gene, F18E3.2, whose predicted exons are shown as black boxes. Additional IR-1 element copies are diagrammed below. Five fulllength copies 379 bp in length were identified (in cosmids F18E3, R07D5, F08G5, C17C3, and C04E7). Two truncated copies (F52H3 and F22B7) and three unusual copies (F47E1, F45E1, and DH11) were also identified (see also Table 1 for additional copies). The 15-bp A modules and the 143-bp B modules are indicated along with the sizes of the various regions, including the 2-bp flanking duplications (small black boxes). Note that F52H3 contains an entirely different spacer sequence (black rectangle).
were identified in the C. elegans database (C. elegans Mapping and Sequencing Consortium, Sanger Centre, Hinxton, UK, and Washington University, St. Louis, MO), which also includes unfinished cosmids in progress and is estimated to include up to 80% of the complete genome sequence (as of November 1996) . Several of these unfinished cosmid contigs terminated within the IR-2 palindrome, as would be expected of inverted repeats that lead to assembly gaps. Two of the matches represented previously reported inverted repeats on chromosome III (Wilson et al. 1994) , whereas the other matches were found on the remaining chromosomes (I, II, IV, V, and X), and were located exclusively within predicted introns and intergenic regions. Remarkably, each of the full-length elements examined was flanked by a unique 4-to 9-bp sequence duplication. The C35B1 copy of IR-2 was flanked by a 4-bp duplication of the sequence 5Ј-TTGG-3Ј, whereas another IR-2 element was flanked by a 6-bp duplication of the sequence 5Ј-CGCATC-3Ј. A third element was flanked by a 9-bp repeat of the sequence , using the consensus element sequence as the query (Table 2 ). The remaining five elements (at the bottom) had BLAST P < 10
‫91מ‬
. The element number is the same as the corresponding cosmid number for the clone harboring the element. Elements were classified as intergenic if they were between known or predicted genes, or as intron if located within the intron of a known or predicted gene. Percent identity is relative to the reference consensus sequence (Table 2 ). An asterisk (*) next to the target site duplication (TSD) indicates that the element was truncated at one end, and the intact end was used to determine the expected duplication sequence. Elements within regions for which information is not yet available have dashes in the appropriate column. Similar tables are available at our website for this and the other element families (http://www.welch.jhu.edu/∼devine/RepDNAdb.html). In the website tables, the element number is hot-linked to the appropriate GenBank record, facilitating rapid information retrieval.
5Ј-CGCGCAAAG-3Ј. The remaining nine full-length elements examined were flanked by 5-bp duplications with the following sequences (5Ј → 3Ј): CATAA; AACGT; CATGT; CAACG; AACAA; TTCCG; TGGTT; TTTTC; AGGTG.
IR-3, an Abundant Repetitive Element Found Primarily on the X Chromosome
A third repetitive element, IR-3, was identified in cosmid F32D1 by sequencing a 3-kb pUC18 insert spanning an assembly gap in this cosmid. IR-3 is a 578-bp palindrome comprised of two inverted 275-bp modules separated by a unique 21-bp spacer ( Fig.  5 ; Table 2 ). Like IR-1 and IR-2, database searches indicated that this element comprises a family of middle-repetitive DNA in C. elegans, present at a minimum of 140 copies per genome (as of November 1996, using a P-value cutoff of 10 ‫52מ‬ ). Fulllength elements were flanked by Tc1/mariner-like TA sequence duplications. Although copies of IR-3 mapped to all six chromosomes, this element was strikingly abundant on chromosome X, with 55 of the 108 elements examined (51%) mapping to this chromosome. Whereas IR-1 and IR-2 (and the IR-4 and IR-5 elements described below) were also found on chromosome X, these elements were much more evenly distributed among all (or most) of the C. elegans chromosomes, indicating that the remarkable distribution of IR-3 is not simply a result of an overabundance of chromosome X-specific sequences in the database. elegans, which has been shown to be a functionally active mobile element in C. elegans (Yuan et al. 1991) , is shown for comparison. Note that only full-length representative copies are shown for each repetitive family and that each family was as structurally diverse as IR-1 (Fig. 4) . Copies found as of November 27, 1996 with BLAST P <10 ‫52מ‬ using the consensus element to search GenBank and the C. elegans Consortium database, at which time ∼80% of the genome sequence was available. The following features are indicated: name of the family, the cosmid in which the initial element was identified, the GenBank accession number for the consensus element sequence derived from several element copies, the size of the full-length element, the minimal number of copies per genome, target site duplication (if any), and the sequence at the termini. In each case, the 5Ј end of the sequence represents the terminus of the element.
IR-4 and IR-5, Two Similar Repetitive Families
Two additional palindromic repetitive families, IR-4 and IR-5, were discovered by closing assembly gaps in cosmids ZK6 and F23F1, respectively ( Fig. 5 ; Table  2 ). A 0.6-kb pUC18 insert was sequenced to close the gap in ZK6, whereas a 1.0-kb pUC18 insert was sequenced to close the gap in F23F1. Although their full consensus sequences are very different, the IR-4 and IR-5 repetitive elements are similar in many respects. For example, they have almost identical terminal sequences, sharing the same sequence at 8 of the terminal 10 bp (Table 2 ). These elements are also fairly similar with respect to their sizes, copy numbers, and genomic distributions: IR-4 is 227 bp in length, whereas IR-5 is 198 bp (Table 2) ; IR-4 is present at a minimum of 12 copies per genome, whereas IR-5 is present at a minimum of 14 copies per genome; and IR-4 is found on all six chromosomes, whereas IR-5 is found on five of the six chromosomes. All of the elements are interspersed between predicted genes or within the introns of predicted genes, with a single exception (IR-5 element M05B5), which is located within a predicted exon of the M05B5.3 gene. None of the element copies from either of the families have flanking sequence duplications.
TR-1, a Low-Copy Tandemly Repeated Element
A tandemly repeated sequence, TR-1, was identified in cosmid F49F1 by sequencing a 2.8-kb pUC18 insert spanning an assembly gap. This 1654-bp tandem repeat consists of two very similar direct repeats (554 and 546 bp in length, respectively) separated by a 564-bp unique spacer ( Fig. 5; Table 1 ). Although the repeat units are slightly different in length, they are very similar in sequence and share 90% sequence identity. Two somewhat degenerate matches were identified in the Genome Sequencing Center's database; one of these copies was partially inverted, whereas the other was truncated.
DISCUSSION Artificial Transposons for Sequencing Repetitive DNA
Repetitive DNA is a significant component of eukaryotic genomes. The actual repeat units of repetitive DNA can be organized in a number of different ways: as localized inverted or tandem repeats, as localized mixed repetitive DNA containing both inverted and tandem repeats, or as dispersed repetitive DNA with distantly separated repeat units. Irrespective of the structure, most of the difficulties associated with recovering repetitive sequences are attributable to two basic problems: (1) poor propagation of intact DNA clones carrying repetitive sequences, or (2) misaligned sequence assemblies caused by the repeats. Clone propagation problems are caused either by clone under-representation in libraries resulting from the repeated sequences or by clone rearrangements promoted by the repeats. Misaligned sequence assemblies are caused by the inaccurate assignment of a given sequencing read to one of several similar but distinct repeat units.
Although a variety of sequencing strategies have been developed, most strategies have serious limitations in regions containing repetitive DNA. For example, primer walking is not possible in such regions because the primer anneals to multiple locations within the template and generates a mixed sequence. Transposon-based sequencing strategies, on the other hand, use unique priming sites located near the termini of integrated transposons to recover DNA sequences (Ahmed 1985; Adachi et al. 1987; Phadnis et al. 1989; Strathmann et al. 1991; Devine and Boeke 1994; Kimmel et al. 1997 ; Fig. 3 ) and thus avoid this problem. Second, because it is known that the two sequences obtained from a single transposon comprise a minicontig, they can be assembled into 600-to 1000-bp sequences that are twice as likely to span problem regions (Fig. 3) . Finally, unlike random shearing, the linkage of the sequenced clone is maintained throughout the analysis. This provides a valuable option that is otherwise not available, namely, that the order of the transposons can be mapped and the resulting data may be used to independently determine the correct order of the sequence (Fig. 3) .
Inverted repeats such as the IR elements (and other inverted repeats in C. elegans) cause sequencing problems primarily because they are not propagated well in single-stranded vectors. Clones carrying such regions are under-represented in M13 libraries presumably because they form hairpin structures (Chissoe et al. 1997) . As a consequence, assembly gaps occur in cosmids at sites lacking clone coverage when M13 libraries are used in conjunction with shotgun sequencing. Because the same inverted repeats are propagated well in double-stranded plasmid vectors, the problem is partially solved by simply cloning the repetitive region into a double-stranded plasmid vector. Nevertheless, not all sequencing strategies are suitable for the subsequent sequencing of this repetitive DNA, and as mentioned above, the unique priming sites and additional assembly tools provided with a transposon approach are useful in such regions. Although assembly tools are not necessary in all cases, they are available when required, and can be applied to any type of repeat structure after problems are discovered.
Like inverted repeats, tandem repeats may also be difficult to sequence. First, tandem repeats can rearrange and delete intervening sequences, or can promote other types of gross rearrangements that yield clones that no longer resemble the corresponding parental clones. Short tandem repeats can also cause slippage during cycle sequencing whereby extension products anneal at different places within a tandem array and cause a mixed sequence. Longer tandems can also cause major assembly problems, particularly when the tandem repeats are highly similar and extend beyond the length of a single sequencing read length. Although transposons cannot solve clone propagation problems, transposon-based mapping and/or assembly tools can be used to accurately sequence and assemble clones such as TR-1 that can be propagated in plasmids (Fig. 5) .
Nonrepetitive DNA
We have also used these transposon-based methods to sequence nonrepetitive DNA, and our results indicate that artificial transposon-mediated DNA sequencing is broadly useful with 1-to 15-kb plasmid inserts cloned from a variety of sources (Table 3) . We have also successfully integrated transposons into four different cosmid targets and have used the resulting transposon insertions to recover sequence information from these cosmids (Table 3) . Several thousand artificial transposon insertions have been sequenced in our laboratories, and the data indicate that in vitro integration is highly random with Ty1 integrase irrespective of the base composition or sequence structure of the DNA target. This is in contrast to Ty1 transposition in vivo in yeast, where integration is specifically targeted to genes transcribed by RNA polymerase III in a host factordependent manner (Devine and Boeke 1996) . Thus, in the absence of host factors, the DNA integration reaction mediated by Ty1 integrase is random and is therefore useful for DNA sequencing applications. As expected, target site duplications 5 bp in length are created routinely upon transposon integration in vitro, and these duplications are useful for assembling minicontigs. Moreover, because transposon libraries are fairly simple to construct compared with most alternatives, this approach is particularly useful for plasmid-based sequencing projects.
Transposon-Like Repetitive Families
In addition to being a useful tool for gap closure, our sequencing strategy has also evolved into a useful tool for identifying novel transposon-like repetitive DNA families in genomes. In fact, we have identified six novel repetitive families in the C. elegans genome using this strategy. The gaps themselves signal the possible presence of repetitive sequences (Chissoe et al. 1997) , and the sequencing strategy allows accurate closure of the gap and discovery of the novel repetitive DNA (Figs. 2 and 3) .
Several aspects of these repetitive families suggest that they represent transposable genetic elements in C. elegans. First, like transposons, multiple copies are present at dispersed sites throughout the genome. The sequences of these duplicated copies are often nearly or completely identical, suggesting that they originated from a single (or a small number of) master copies. Second, inverted or direct repeats are located at the termini of the IR and TR elements. Such highly characteristic repeats are observed frequently in transposable elements. For example, each of the Tc elements of C. elegans has inverted terminal repeats (Emmons et al. 1983; Collins et al. 1989; Leavitt and Emmons 1989; Dreyfus and Emmons 1991; Yuan et al. 1991; Collins and Anderson 1994) , whereas the Ty retroelements of yeast have direct long terminal repeats (LTRs) (Boeke and Sandmeyer 1991) . Finally, three of the six elements were flanked by short sequence duplications resembling the target site duplications of transposons. To date, transposition is the only known cellular mechanism for generating such duplications. For those transposons that have been studied carefully, target site duplications are known to be caused by staggered cleavage of the target DNA by an integrase or transposase, followed by strand joining with the transposon and subsequent gap repair.
Six transposon families have been identified previously in C. elegans, namely, Tc1-Tc6 (Emmons et al. 1983; Collins et al. 1989; Leavitt and Emmons 1989; Dreyfus and Emmons 1991; Yuan et al. 1991; Collins and Anderson 1994) . Each of these transposons has terminal inverted repeats and target site duplications that are very similar to those identified for the IR elements. For example, IR-3 elements are flanked by 2-bp TA duplications that are identical to the target site duplications flanking Tc1 and Tc3 (and mariner). IR-1 is often flanked by these 2-bp Tc1/mariner-like TA duplications as well, but may also be flanked by a wide range of other dinucleotides, suggesting that it may represent a novel member of the Tc1/mariner family.
Tc4 is perhaps the most relevant C. elegans transposon with respect to the IRs, because it is strikingly similar in structure and has been shown to be an active transposon (Yuan et al. 1991) . Like the IR elements, Tc4 consists solely of two inverted 774-bp modules separated by a 57-bp spacer region, and is flanked by a 5-bp target site duplication (Fig.  5) . Tc4 lacks significant open reading frames capable of encoding proteins that might carry out its transposition. However, larger (full-length) Tc4 elements encoding significant open reading frames have been identified recently, and the proteins encoded are likely to be responsible for the transposition of all Tc4 elements (Li and Shaw 1993) . It is attractive to speculate that the IR elements might also share such a relationship with currently unknown full-length IR elements. The IR elements closely resemble a number of DNA transposons that are known to transpose by cut and paste mechanisms. These include the En/ Spm elements of maize (Federoff 1989) , the FB elements of Drosophila (Bingham and Zachur 1989) , and Tc1/mariner-like elements from a variety of organisms (Smit and Riggs 1996) . Transposition is carried out with a transposase that binds to the terminal sequences of the element, excises the transposon at its termini, and then integrates it into a new target site; a target site duplication of characteristic length and/or sequence is typically generated. Transposon families of this type often contain both full-length and internally degenerate copies, and may include a large number of nonautonomous elements that retain only the terminal sequences required for transposition.
An unusual aspect of the IR and TR elements described here is that they lack substantial open reading frames. Transposons generally encode the proteins necessary for their own transposition, and these factors are often encoded within a central region of the transposon located between the terminal repeats. In the absence of such proteins, it is unclear how these elements could have become dispersed throughout the genome. One possibility is that, like Tc4, the IR elements might represent internally deleted copies of full-length functional elements located elsewhere in the genome. However, full-length elements such as those proposed have not been identified in the 80% of C. elegans sequenced to date, suggesting that these elements either reside in the unsequenced 20% of the genome or have been lost from C. elegans. Alternatively, the IR and TR elements represent nonautonomous transposons that rely entirely on unrelated elements for their mobility. This is unlikely because nonautonomous elements generally have the same terminal sequences as the transposon whose machinery they use, and these elements lack similarity to any of the known C. elegans transposons. Nevertheless, the fact that IR-4 and IR-5 share similar terminal sequences suggests that these elements share a common mechanism of transposition.
Higher eukaryotic genomes have long been known to contain repetitive DNA but the potential role of such DNA in genomes is largely unknown. It is now becoming possible to identify and study such repetitive DNA by examining the data emerging from genome sequencing projects. Data from the C. elegans project suggests that much of the middlerepetitive DNA of this organism represents potentially active transposable genetic elements as well as inactive relics of such elements. These transposonlike repetitive families represent a potential source of genomic mutation, and might also provide essential cis-or trans-acting functions for the host organism (e.g., see Levis et al. 1993) .
The C. elegans genome sequencing project began initially with the gene-rich regions of the six C. elegans chromosomes, and has now progressed to regions such as the telomeric arms of these chromosomes. The same genomic regions of organisms such as Drosophila consist largely of repetitive DNA in the form of heterochromatin. Although these regions will be particularly interesting from the viewpoint of identifying and studying transposons, and for gaining an understanding of heterochromatin, they might be especially difficult to sequence. Thus our strategy for sequencing repetitive DNA will be particularly useful in the finishing stages of genome projects where repetitive DNA might be abundant.
METHODS
Construction of Artificial Transposons and Plasmids
AT-2/M was constructed with custom PCR primers designed to introduce sequences homologous to the standard M13-20 and R primer sequences into the AT-2 transposon 25 bp from the termini (Fig. 1) . The PCR product was cloned into the XbaI-HindIII sites of pAT-2 (Devine and Boeke 1994) using restriction sites incorporated near the 5Ј termini of these primers. The resulting plasmid carrying AT-2/M is pSD610. AT-2/T and AT-2/ST were constructed in a similar manner, except that the standard T3, T7, and SP6 primer sequences were incorporated instead of M13-20/R (Fig. 1) . The plasmids carrying AT-2/T and AT-2/ST are pSD611 and pSD612, respectively. AT-3 and AT-4 were constructed by inserting a 0.9-kb BamHI fragment from pGH54 (Joyce and Grindley 1984) , carrying the neo gene from Tn903, into BamHI-digested pAT-1 (Devine and Boeke 1994) . The plasmids carrying AT-3 and AT-4 are pSD570 and pSD571, respectively. Subcloning was accomplished with standard methods (Ausubel et al. 1987 ).
Integration of Artificial Transposons into DNA Targets in Vitro with Ty1 Integrase
In vitro integration reactions were carried out in 20-50 µl volumes containing 1-5 µg of target plasmid, 0.5 µg of transposon, and 2-5 µl of virus-like particles (providing the Ty1 integrase) in a buffer containing 10 mM Tris-HCl at pH 7.5, 10 mM MgCl 2 , 1 mM DTT, and 5% PEG 8000 (Devine and Boeke 1994) . Recovered DNA was used to transform DH10B electrocompetent Escherichia coli by electroporation. Transformants carrying AT-2 recombinants were plated on M9 medium containing 100 µg/ml of trimethoprim and 50 µg/ml of ampicillin. Those carrying AT-3 and AT-4 recombinants were plated on LB medium containing 50 µg/ml of ampicillin plus 50 µg/ml of kanamycin.
Plasmid Preparation and Transposon Mapping
Recombinant plasmids carrying transposon insertions were prepared from DH10B E. coli cultures using a modified boiling method (Holmes and Quigley 1981; Kimmel et al. 1997) or a 96-well alkaline lysis method (Advanced Genetic Technologies Corp., Gaithersburg, MD). These plasmids were used for both mapping and sequencing. When necessary, transposon insertion sites were mapped by systematic restriction analysis using either regional mapping or positional mapping: Regional mapping was used to assign a particular transposon insertion to a known restriction fragment of a target plasmid such as the insert, whereas positional mapping was used to determine the precise location of a transposon insertion. Both types of mapping were performed by cutting transposon recombinants with restriction enzymes that cleave at both ends of the transposon to create a cleavage site at the site of transposon insertion (EcoRI and NotI, e.g., Figs. 1 and 3) . For regional mapping, this cleavage site was generated with a pair of enzymes that also cut at the boundaries of the vector and the insert. Insertions were assigned to a restriction fragment according to the presence of a cleavage site. For positional mapping, the transposon cleavage site was mapped relative to a second restriction site in the plasmid (Fig. 3) . Two additional types of interval mapping were also developed. One employed restriction mapping whereas the other involved PCR. The restriction mapping strategy was similar to the approaches above, except that restriction enzymes were chosen that did not cut within the transposon (such as PstI or PvuII). If a restriction fragment lacked a transposon, it remained the same size as in the parental plasmid. However, if it contained a new transposon insertion, it was increased in size by the size of the transposon (864 bp for AT-2, e.g.). The PCR mapping strategy was similar except that the PCR product itself was increased by the size of the transposon if an insertion occurred within the interval amplified by the PCR.
Sequencing
Dye terminator and dye primer DNA sequencing was performed with Taq FS polymerase (Perkin Elmer) or Thermosequenase (Amersham), following the manufacturers' instructions. The SD118 and SD119 dye primers (also known as PI + and PI ‫מ‬ , respectively) were custom synthesized for use with the primer island transposon AT-2 (Perkin Elmer/ABD), whereas M13-21, R, T3, T7, and SP6 primers were purchased (Perkin Elmer/ABD, Amersham, Operon). ET primers (Amersham) were used according to the manufacturer's instructions. Dye primer sequencing with the SD118 and SD119 primers was carried out using the following cycling parameters: 20 cycles of 96°C for 10 sec; 50°C for 5 sec; 70°C for 60 sec; followed by 20 cycles of 96°C for 10 sec; 70°C for 60 sec. Dye terminator sequencing with the SD118 and SD119 primers was performed with 25 cycles of 94°C for 15 sec; 50°C for 15 sec; 60°C for 4 min. Similar protocols were used for the other primers. Sequencing reactions were analyzed on ABI 373A or 377 automated sequencers. Sequences were assembled using the Sequencher DNA analysis software package by Genecodes Corporation or with XGAP (Dear and Staden 1991) and PHRAP (P. Green, unpubl.). The 5-bp target site duplications flanking the transposons were used as fusion sites to assemble minicontigs of 600-1000 bp from the two sequences initiated within each transposon. Mapping was also used to confirm assemblies when necessary. Finished consensus sequences were used to search GenBank (NCBI) or the Genome Sequencing Center database at Washington University at St. Louis (http://genome.wustl.edu:80/gsc/ gschmpg.html) using the BLAST algorithm and the standard settings. Repetitive sequences and the accompanying cosmid records (indicating chromosome map location and gene information) were retrieved from GenBank or the Genome Sequencing Center database, and a web site was established to provide detailed information on these elements with links to their cosmid records (http://www.welchlink.welch.jhu.edu/ ∼devine/RepDNAdb.html). Mobility files for the SD118 and 119 dye primers and additional protocols are also available at this site.
